Introduction

S
leep changes across the menstrual cycle are commonly experienced by normal ovulatory women (Clare 1983; Mauri et al 1988; Sheldrake and Cormack 1976) . Although there are several hypotheses on possible physiologic backgrounds underlying these sleep changes across the menstrual cycle, the pathophysiologic mechanism still remains unclear.
Evidence of differences in sleep architecture between the follicular and luteal phases (FP and LP) has been demonstrated by all-night polysomnography in previous studies (Ito et al 1995; Parry et al 1989) . Parry et al (1989) found that stage 3 sleep and intermittent awakening varied with phases of the menstrual cycle. Ito et al (1995) reported that the amount of slow-wave sleep (SWS) decreased significantly in the LP, as compared with the FP, in healthy women; however, other studies (Chuong et al 1997; Driver et al 1996) reported no significant difference in sleep architecture between the FP and the LP. The inconsistent data on sleep changes across the menstrual cycle in previous studies may be explained by the effects of environmental factors, social activities, and the subjects involved. Therefore, stricter controls of diurnal behavior and environmental factors may be needed for polysomnographic studies examining changes in sleep architecture across the menstrual cycle.
Circadian aspects of sleep changes across the menstrual cycle in healthy women have been investigated. Lee (1988) demonstrated that the amplitude of core body temperature rhythm in the LP was dampened, as compared with the FP. Rogacz et al (1987) reported that the temperature rhythm was phase delayed in the LP. Webley and Leidenberger (1986) found that the amount of daily melatonin production was significantly increased in the LP; however, several other studies Kivelä et al 1988; Parry et al 1990) found no such changes. These inconsistent findings may be explained by the influence of such noncircadian factors as ambient illumination or behavioral factors, both of which can obscure or mask the underlying oscillatory components of those rhythms (Barrett et al 1993; Brainard et al 1988; Carrier and Monk 1997; Minors and Waterhouse 1989) .
To exclude the masking effects of light and behavior on circadian rhythms and to measure outputs of the circadian pacemaker, we conducted multiple nap tests using the ultradian routine method (Lack and Lushington 1996; Lavie 1986 ) together with simultaneous measurement of hormonal rhythms under dim light conditions. Our particular interest was to clarify the diurnal fluctuations of sleep propensity (SP), core body temperature, and serum hormonal concentrations.
Methods and Materials
Subjects
Eleven healthy women, aged 20 to 23 years, participated in the study as paid volunteers after giving their informed consent. They had no history of major medical, gynecologic, or psychiatric illness or family history of psychiatric illness. They had not taken oral contraceptives and had not been pregnant. For screening, we instructed all of the subjects to record basal body temperature (BBT) data, a five-point mood scale, and a sleep log daily for more than one menstrual cycle. During the last 7-10 days of the screening period, subjects wore a wrist activity recorder (Actigraph, AMI, New York). The sleep log data together with actigraphy confirmed that they were good sleepers with regular sleep-wake schedules. A gynecologic specialist (TA) blindly inspected BBT records of the subjects. Three subjects out of 11 were excluded because their BBT records did not show apparent biphasic pattern across the menstrual cycle. Worsening of mood in LP was not detected in any of the subjects. Psychiatric interviews revealed that their menstrual-associated complaints did not meet the criteria of premenstrual tension syndrome (Reid 1985) or of premenstrual dysphoric disorder (American Psychiatric Association 1994) . No subjects were excluded by psychiatric problems. Finally, eight participants, who had regular cycles of 28 to 32 days with an apparent biphasic pattern of BBT fluctuation across the cycle, entered the protocol. All of them completed the study.
Experimental Procedures
A 3-day experimental laboratory session with a crossover design was conducted in the FP and the LP. The FP session started on days 5 to 8 after menses onset, and the LP session started on days 3 to 5 before menses onset. The sleep schedule for 5 days preceding each experimental session was validated by sleep logs and actigraphic data. Each subject was instructed to wake up at 8:00 AM on day 1 of each session and come to the laboratory in the evening. They were kept awake in a sitting position under constant room light (Ͻ50 lux) wearing a rectal temperature apparatus (resolution 0.01°C, Kohden Medical, Tokyo) and activity recorders. At 8:00 AM on the second day the subjects underwent the ultrashort sleep-wake schedule for 26 hours. In each 30-min period they had a 10-min nap trial in darkness (Ͻ1 lux); they were allowed to sleep, and standard polysomnographs were recorded. During the 20-min periods between consecutive nap trials, they were kept awake in a sitting position under dim light (Ͻ10 lux). When leaving the room for urination/defecation, subjects wore dark goggles that attenuated light coming into the eyes to less than 10 lux. Subjective sleepiness was assessed according to the Stanford Sleepiness Scale (SSS; Hoddes et al 1973) every 30 min. Subjects were occupied with activities such as reading, watching videos, playing cards, and casual conversation. The room temperature was maintained between 23°C and 25°C. The subjects took 630-kJ isocaloric snacks and 100 to 150 mL of water every 2 hours. Blood samples were collected through indwelling intravenous catheters with a heparin lock every hour. Having been centrifuged, serum was stored at Ϫ70°C.
HORMONAL ASSAYS. Serum melatonin levels were assayed by radioimmunoassay (Bühlmann Melatonin Radioimmunoassay Test Kit, Allshwil, Switzerland), with a sensitivity of 0.3 pg/mL. Serum levels of thyroid-stimulating hormone (TSH), estradiol, progesterone, and cortisol were analyzed by radioimmunoassay.
ASSESSMENT OF SUBJECTIVE SLEEPINESS. We analyzed 48 SSS scores for 24 hours, excluding the first and last hours. The mean SSS scores for each hour were used for statistical analysis. To compare the trend of subjective sleepiness across the day, we grouped the data obtained in the 24 hours into three periods: 9:00 AM to 4:30 PM (daytime), 5:00 PM to 12:30 AM (late evening), and 1:00 AM to 8:30 AM (nighttime). The third 8-hour period was expected to correspond to significant melatonin production (Ͼ50% of the peak). The first and the second 8-hour periods were supposed to correspond to hours in which melatonin secretion was unlikely.
ASSESSMENT OF SLEEP EEG. We analyzed 48 nap trials from 24 hours, excluding the first and last two nap trials. Polysomnographic recordings were scored according to standard criteria (Rechtschaffen and Kales 1968) . The SP for each 30-min cycle was defined as the sum of the duration of stages 2, 3, and 4 sleep and rapid eye movement sleep. The mean SP for every hour was used for statistical analysis. To compare the trend of sleep variables across the day, we grouped the data obtained in the 24 hours into three periods as described above.
ASSESSMENT OF RECTAL TEMPERATURE AND HOR-MONAL RHYTHMS.
The rectal temperature curves (24 hours) for each session were fitted with complex cosine curves (24-hour plus 12-hour rhythms) to determine the maxima and minima. The amplitude of the rectal temperature rhythm was defined as half of the difference between the maxima and minima. The daily mean rectal temperature was calculated by averaging the 5-min data for 24 hours. The mean rectal temperatures for each hour were plotted and used for statistical analysis.
Single cosinor analysis was applied to fit melatonin, TSH, and cortisol rhythms to obtain acrophase and amplitude. The melatonin onset and offset times were determined visually as the crossing times of the raw data and the midrange of peak concentration. The melatonin duration was defined as the period between melatonin onset and offset times. The level of melatonin was analyzed as absolute values and area under the curve (AUC). The latter was calculated by hourly integrated values for 24 hours.
Statistical Analysis
Hourly data obtained were submitted to two-way analysis of variance (ANOVA) for repeated measures with a correction of Greenhouse-Geisser epsilon. The Wilcoxon signed rank test was used for two group analyses between the FP and the LP. We calculated the differences (⌬) between the FP and the LP in parameters concerning sleep, core body temperature, and hormonal rhythms. The Spearman rank correlation coefficient was used to assess association between pairs of given measures. Differences at p Ͻ .05 were accepted as statistically significant. All statistical analyses were conducted using the SYSTAT statistical program (SYSTAT, Chicago).
Results
Overview
Sleep propensity data obtained from a representative subject are shown in Figure 1 . For this subject, the fluctuation of SP had two components: a daytime rise and a nighttime rise in both the FP and the LP. Naps containing SWS in the daytime were more frequent in the LP than in Figure 1 . Sleep propensity in the follicular and luteal phases in a representative subject. The fluctuation of sleep propensity had two components: a daytime rise and a nighttime rise in the evening in both the follicular and the luteal phase. Naps containing slow-wave sleep in the daytime were more frequent in the luteal phase than in the follicular phase. There were no marked changes in nighttime sleep propensity between the two menstrual phases. White bar, stage 2 sleep; black bar, stages 3-4 sleep; shaded bar, rapid eye movement sleep.
the FP. There were no marked changes in nighttime SP between the two menstrual phases. Similar findings were observed for the other subjects.
Sleep Propensity Measures
Repeated two-way ANOVA revealed a significant effect of time course on SP [⑀(23) ϭ .18, p Ͻ .001], whereas the menstrual phase had no significant effect. In the daytime (9:00 AM-4:30 PM), the number of SWS-containing naps was significantly increased in the LP from that in the FP (5.9 Ϯ 1.2 vs. 3.5 Ϯ 1.2, p Ͻ .05, Wilcoxon signed rank test). In the late evening and nighttime (5:00 PM-12:30 AM and 1:00 AM-8:30 AM), the number of SWS-containing naps did not differ in the FP and the LP (Table 1) .
Subjective Sleepiness
Time course had a significant effect on SSS scores [⑀(23) ϭ .13, p Ͻ .01], whereas the menstrual phase had no significant effect. In the daytime (9:00 AM-4:30 PM), the mean SSS scores were significantly higher in the LP (4.0 Ϯ 0.1 vs. 3.6 Ϯ 0.2, p Ͻ .05, Wilcoxon signed rank test). In the late evening and nighttime (5:00 PM-12:30 AM and 1:00 AM-8:30 AM), the mean SSS scores did not differ in the FP and the LP (Table 1) .
Pre-Experimental Sleep, Temperature Rhythms, and Hormonal Parameters
Actigraphic data showed that the sleep duration for the 5 days preceding the experimental session did not differ in the two menstrual phases (7.00 Ϯ 0.26 hours in the FP vs. 7.22 Ϯ 0.22 hours in the LP). Figure 2 illustrates 24-hour profiles of core body temperature, melatonin, TSH, cortisol, estradiol, and progesterone measured during the FP and the LP for the eight subjects.
For mean core body temperature, two-way repeated ANOVA revealed that time course [⑀(23) ϭ .11, p Ͻ .001], menstrual phase (df ϭ 1, p Ͻ .001), and their interaction [⑀(23) ϭ .16, p Ͻ .01] were significant. As shown in Figure 2 , the difference of core body temperature between the FP and the LP was greater at night. The Wilcoxon signed rank test revealed that individual daily mean core body temperature was significantly elevated in the LP (p Ͻ .0001), whereas the amplitude was significantly decreased (p Ͻ .0001). The nadir of the core body temperature curve did not differ in the FP and the LP (Table 2) . For melatonin secretion, we found a significant effect only for time course [⑀(23) ϭ .07, p Ͻ .01]. As shown in Figure 2 , plasma melatonin concentrations were higher during the night. Comparison of individual chronobiological measurements of melatonin secretion indicated that the onset time, offset time, acrophase, duration, and maxima of melatonin rhythm did not differ in the FP and the LP. The 24-hour AUCs of melatonin were smaller in the LP (p Ͻ .05; Table 2) .
For TSH secretion, we found a significant effect for time course [⑀(23) ϭ .12, p Ͻ .001]. As shown in Figure  2 , TSH showed significant circadian rhythms, with higher values during the night. When individual chronobiological measurements of TSH secretion were compared between the FP and the LP, the mean concentrations of TSH did not differ significantly. The acrophase of TSH was significantly delayed in the LP (p Ͻ .05), and its amplitude was smaller (p Ͻ .05; Table 2 ).
For cortisol, time course also had a significant effect [⑀(23) ϭ .12, p Ͻ .001]. As illustrated in Figure 2 , cortisol showed significant circadian rhythms, with higher values in the early morning. When individual chronobiological measurements of cortisol rhythm were compared between the FP and the LP, the mean value and the acrophase of the cortisol curve did not differ significantly, but its amplitude was smaller in the LP (p Ͻ .05; Table  2 ). For estradiol, repeated two-way ANOVA revealed an interaction between time course and menstrual phase [⑀(23) ϭ .15, p Ͻ .05]. As shown in Figure 2 , the differences in estradiol levels between the FP and the LP were larger in the daytime. When individual levels of estradiol were compared between the FP and the LP, mean estradiol level had no significant difference.
For progesterone, menstrual phase had a significant effect (df ϭ 1, p Ͻ .01). As shown in Figure 2 , progesterone levels were markedly different in the FP and the LP, with higher values in the LP (LP, 5.54 Ϯ 1.49 ng/mL, vs. FP, 0.35 Ϯ 0.06 ng/mL).
Correlation between ⌬ SWS and Core Body Temperature/Hormone Parameters
Spearman rank correlation coefficients were calculated to show the associations of ⌬ SWS parameters (amount and number) with ⌬ daily mean core body temperature/⌬ amplitude of core body temperature rhythm/⌬ AUC of melatonin/⌬ daily mean TSH concentrations/⌬ amplitude of TSH rhythm/⌬ daily mean cortisol concentrations/⌬ amplitude of cortisol rhythm/⌬ daily mean progesterone concentrations/⌬ daily mean estradiol concentrations. We found that only ⌬ amount of SWS in the daytime (9:00 AM-4:30 PM) had a significantly positive correlation with ⌬ daily mean core body temperature ( ϭ .78, p Ͻ .05).
Discussion
The fluctuations of subjective sleepiness across the menstrual cycle, together with those of SP, rectal temperature, and serum hormonal concentrations, were investigated using an ultrashort sleep-wake schedule. Results indicated that amplitude of rectal temperature, total melatonin secretions, and amplitudes of TSH and cortisol rhythms were significantly decreased in the LP, whereas sleepiness and occurrence of SWS during the daytime were significantly increased. Furthermore, the differences in the amount of daytime SWS across the menstrual cycle were positively correlated with the differences in the daily mean core body temperature.
Previous studies demonstrated that subjective daytime sleepiness was more frequent in the premenstrual period (Clare 1983; Sheldrake and Cormack 1976) . To our knowledge, no investigations have applied objective methods to examine daytime sleepiness across the menstrual cycle. Here, we studied diurnal fluctuations in subjective sleepiness, together with SP in the FP and the LP. In the LP, subjective sleepiness and occurrence of SWS during the daytime were significantly increased.
A prior nocturnal polysomnographic study revealed that stage 3 sleep and intermittent awakenings varied with phases of the menstrual cycle (Parry et al 1989) . More recently, Ito et al (1995) reported that SWS was decreased in the LP, as compared with the FP. The results of previous studies on the changes in nocturnal sleep across the menstrual cycle may have been confounded by changes of daytime activity and/or environmental factors across the menstrual cycle. To minimize these confounding factors, we measured SP rhythm for 24 hours under well-controlled conditions. An ultrashort sleep-wake schedule has been used to study diurnal fluctuation of SP (Lack and Lushington 1996; Lavie 1986; Nakagawa et al 1992) . In our study SP rhythm consisted of two components in both the FP and the LP: a daytime rise of SP likely to correspond to recovery sleep due to 24-hour sleep deprivation, and an increasing nighttime rise of SP in parallel with melatonin rise. During the daytime (9:00 AM-4:30 PM), both subjective sleepiness and the number of SWS-containing naps significantly increased in the LP; however, in the other two periods (5:00 PM-12:30 AM and 1:00 AM-8:30 AM) subjective sleepiness and the number of SWS-containing naps did not differ in the two conditions. Neither pre-experimental sleep conditions nor sleep variables during the night differed significantly. The increased number of SWS-containing naps during the daytime suggests that demand for daytime SWS might have increased in the LP regardless of nocturnal sleep. Hormonal changes in the LP might have affected a compensatory function for sleep loss.
In our study the 24-hour AUC of melatonin was significantly smaller in the LP than in the FP. In the previous studies, data on differences in melatonin secretion in healthy women across the menstrual cycle were inconsistent. Webley and Leidenberger (1986) showed that melatonin AUC was greater in the LP; however, several reports Kivelä et al 1988; Parry et al 1990) showed that melatonin levels were not significantly different across the menstrual cycle. In the present study, blood samples were obtained under constant dim light conditions (Ͻ10 lux) for 26 hours. Under dim light conditions, the melatonin rhythm is thought to represent the oscillation of the circadian pacemaker (Lewy and Sack 1988) . Inconsistent results obtained in the previous studies may have been confounded by different light conditions. Our findings of reduced melatonin secretion, together with reduced amplitudes of core body temperature, cortisol, and TSH, seemed to be accounted for by a reduction in the amplitude of the endogenous oscillation of the circadian pacemaker (Rodier 1971) instead of the direct effect of progesterone on hormonal secretion, since orally administered progesterone seemed to increase the serum melatonin level (Webley and Leidenberger 1986) .
In this study the acrophases of temperature, melatonin, and cortisol rhythms did not differ significantly between the FP and the LP, whereas the acrophase of TSH was phase delayed significantly in the LP. Endogenous TSH rhythm is governed by the circadian pacemaker that drives many other circadian rhythms (Allan and Czeisler 1994) , but TSH secretion is known to be modified by the thermoregulation system in the brain (Fisher and Odell 1971) . Our finding of delayed TSH rhythms in the LP may be related to the high core body temperature in the LP. Another possible explanation is based on the ability of progesterone to phase-delay circadian oscillation in animals (Axelson et al 1981) ; however, this assumption is unlikely because other rhythms were not significantly phase delayed.
We found that ⌬ amount of SWS in the daytime (9:00 AM-4:30 PM) was positively correlated with ⌬ mean daily core body temperature. Given that there was a strong correlation between the increased SWS and the elevation of core body temperature (Berger et al 1988) , the SWS regulatory system and thermoregulatory system may be changed across the menstrual cycle.
Because the small number of subjects involved in this study may limit our conclusions, further studies with a larger number of subjects are needed to confirm our findings.
